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In human immunodeficiency virus (HIV)-infected in-
dividuals, the level of the HIV envelope protein gp41l in
brain tissue is correlated with neurological damage and
dementia. In this paper we show by biochemical meth-
ods and electron microscopy that the extracellular
ectodomain of purified HIV and simian immunodefi-
ciency virus gp4l (e-gp41) forms a mixture of soluble
high molecular weight aggregate and native trimer at
physiological pH. The e-gp41 aggregate is shown to be
largely a-helical and relatively stable to denaturants.
The high molecular weight form of e-gp41 is variable in
size ranging from 7 to 70 trimers, which associate by
interactions at the interior of the aggregate involving
the loop that connects the N- and C-terminal helices of
the e-gp4l core. The trimers are predominantly ar-
ranged with their long axes oriented radially, and the
width of the high molecular weight aggregate corre-
sponds to the length of two e-gp4l trimers (~200 A).
Using both light and electron microscopy combined
with immunohistochemistry we show that HIV gp41 ac-
cumulates as an extracellular aggregate in the brains of
HIV-infected patients diagnosed with dementia. We pos-
tulate that the high molecular weight aggregates of
e-gp41l are responsible for HIV-associated neurological
damage and dementia, consistent with known mecha-
nisms of encephalopathy.

Up to 80% of HIV'-infected individuals suffer neurological
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damage, and of these ~20% are afflicted with HIV-associated
dementia (HAD) (1, 2). HIV infection does not result in the
productive infection of neurons (3—6), and consequently indi-
rect mechanisms for the pathogenesis of HAD have been pro-
posed (7, 8). The elaboration of neurotoxic agents following HIV
infection have supported this notion (9), and recent work has
shown that levels of the HIV envelope protein gp41 in the brain
are correlated with the severity and rate of progression of HAD
(10-13). The underlying mechanism, however, for the damag-
ing neurological effects of gp41 is currently unknown.

The biochemical properties of the ectodomains of HIV and
SIV gp41l (e-gp4l) are relatively well characterized (14-18).
Recombinant HIV and SIV e-gp41 produced in Escherichia coli
forms insoluble precipitates at neutral pH (14, 18), and solubi-
lization can be accomplished by either reducing the pH to less
than 4 (18) or by deleting the long loop that connects the N- and
C-terminal helices of the ectodomain core (14). The helical core
of the HIV and SIV e-gp41 is extremely resistant to denatur-
ation and proteolysis (14, 18), the structure of the complete
ectodomain of SIV gp41 has been solved by NMR spectroscopy
(19), and structures of the helical core of HIV and SIV e-gp41
have been solved by x-ray crystallography (20—24). In the pres-
ent paper, we correlate the biochemical behavior and EM ap-
pearance of HIV and SIV e-gp41 with the neuropathology ob-
served in patients diagnosed with HAD. The present study
suggests that the accumulation of a highly stable, high molec-
ular weight form of the HIV gp41 ectodomain in the brains of
HIV-infected individuals may provide a rational explanation
for the origin of HIV-associated neurological damage and de-
mentia, which is consistent with known mechanisms of
encephalopathy.

MATERIALS AND METHODS

Biochemical Analysis of e-gp41—The HIV and SIV e-gp41 constructs
employed are those described in Ref. 18, specifically residues 27-154 for
HIV (strain HXB2) gp41 and residues 27-149 for SIV (strain Mac239)
gp41 (using the numbering scheme from Ref. 18). Size exclusion chro-
matography of e-gp41 (200-300 ng) under various experimental condi-
tions of buffer, pH, and denaturant (urea or guanidinium chloride) was
carried out on a Superdex-200 column (1 X 30 cm; Amersham Pharma-

e-gp41, ectodomain of gp4l; EM, electron microscopy; CD, circular
dichroism; STEM, scanning transmission electron microscopy; CTEM,
conventional transmission electron microscopy.
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cia Biotech) at a flow rate of 0.7 ml/min (Akta explorer, Amersham
Pharmacia Biotech). Protease reactions were performed in 100 ul of 0.1
M NaHCO,, pH 8.0, containing 30 ug of purified e-gp41 aggregate and
0.3 ug of trypsin for 1 h at 37 °C. CD spectra were recorded on a JASCO
J-720 spectropolarimeter using a 0.01-cm path length cell and 23 um
protein (monomer units) in 0.1 M NaHCO,, pH 8.0. Mass analysis of
proteolytic digests was carried out by injecting protein (50—-100 pmol)
into a Zorbax C3 column (2.3 x 150 mm, Hewlett Packard, San Jose, CA)
fitted to an HP1100 integrated high pressure liquid chromatography/
electrospray mass spectrometer (Hewlett Packard) equilibrated in 5%
acetic acid. The solvent was held isocratic for 25 min to allow desalting
of the protein and then ramped to 100% acetonitrile over a period of 25
min at a flow rate of 200 ul/min. Protein peaks that eluted into the mass
spectrometer were scanned from m/z 500 to 1700 every 4 s. Spectra
were deconvoluted using the Hewlett Packard software to yield the
mass of the protein.

EM Studies of e-gp41—Samples of SIV e-gp41 trimers or aggregate
were examined by negative stain transmission EM. Samples (50 ug/ml)
were applied to air glow-discharged carbon-coated grids and stained
with 1% uranyl acetate. Micrographs were recorded at xX30,000 mag-
nification with a Zeiss EM902 (Carl Zeiss, Thornwood, NY). Some
samples were also stained with methylamine vanadate and examined
by scanning transmission electron microscopy (STEM) (25). Mass de-
terminations of e-gp41l aggregate particles were made from micro-
graphs of freeze-dried specimens obtained at the Brookhaven National
Laboratory STEM facility (26). Briefly, specimens were applied to
prewetted thin carbon films (2-3 mm thick) supported on holey thick
carbon films on titanium grids. Specimens were then rinsed repeatedly
with 20 mM ammonium acetate, blotted to a thin film between two
pieces of filter paper, and plunged into liquid nitrogen slush. Specimens
were freeze-dried by gradual warming to —80 °C under high vacuum
and then transferred under vacuum to the STEM. Images were re-
corded at 40 keV and an electron dose of <<1000 electrons/nm? at
—150 °C to minimize radiation damage. Tobacco mosaic virus particles
(131.4 kDa/nm) included in the preparations served as a mass standard,
and mass determinations were done with the software described in Ref.
27.

Immaunohistochemistry—The autopsy records of the National Insti-
tutes of Health from 1985 to 1998 were examined to identify appropri-
ate material for a limited re-examination of the neuropatology of HAD.
The histology and immunochemistry of brain lesions in HAD are well
described, and therefore one case from each of the following groups was
chosen: a patient with AIDS, clinical dementia, and histological evi-
dence of HAD complex; a patient with AIDS but without clinical de-
mentia and no histological evidence of HAD complex; and a patient
without AIDS, clinical dementia, or histological evidence of HAD
complex.

Tissue was fixed in 10% buffered formalin for two weeks, sectioned,
and embedded in paraffin. Serial 5-um sections of blocks from the deep
white matter were cut, and representative sections were stained with
hematoxylin-eosin and examined for histology consistent with HAD.
Mouse monoclonal antibody to gp41 (gp41.1, Genetic systems, Seattle,
Washington) was employed to screen brain sections for the presence of
gp4l at a 1:200 dilution using a Ventana Medical Systems Gen II
(Tuczon, AZ) for detection. Positive and negative controls on tonsilar
lymphoid tissue from non-HIV-infected individuals were performed
with L-26 (positive control) and gp41l (negative control) monoclonal
antibodies.

For EM studies, tissue sections corresponding to histological lesions
of HAD complex were removed from a paraffin block, deparaffinated in
xylene, placed in absolute ethanol, and embedded in LR White (SPI,
West Chester, PA). Ultrathin sections were mounted on 150 mesh-
uncoated nickle grids. Grids were floated on blocking solution (phos-
phate-buffered saline, 0.1% Tween 20, 0.5% cold water fish gelatin) for
20 min, incubated for 1 h with the primary anti-gp41 antibody (as
described above), rinsed in blocking buffer for 5 min, then incubated
with gold-conjugated secondary antibody 20 nm in length (Ted Pella,
Inc., Redding, CA), rinsed in phosphate-buffered saline, water, and air
dried. Section were stained with uranyl acetate and examined with a
Phillips CM10 electron microscope.

RESULTS

Size Exclusion Chromatography of e-gp41—At pH 2.5, size
exclusion chromatography shows that both HIV and SIV
e-gp41 elute as a single peak corresponding to the trimeric form
solved by NMR spectroscopy (10) with a molecular mass of
about 45 kDa (Fig. 1A). During the course of our biochemical
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Fic. 1. Characterization of the high molecular weight and tri-
meric forms of HIV and SIV gp41 ectodomains. A and B, analysis
of purified HIV (red) and SIV (black) gp41 ectodomains by size exclusion
chromatography. gp41 ectodomain was fractionated on a Superdex-200
column in (A) 50 mM sodium formate, pH 2.5, and (B) 100 mM NaHCO,,
pH 8.0. C, histogram of masses observed for the purified high molecular
weight form of SIV gp41 measured by STEM. The inset shows the CD
spectrum of the purified high molecular weight form of SIV gp41.

characterization of HIV and SIV e-gp41 we noted that both
nonglycosylated ectodomains are remarkably soluble with no
visible precipitation in 0.1 M NaHCO3; at pH 8. Under these
conditions, both ectodomains elute as two forms, a high molec-
ular weight form with an apparent molecular mass of about 600
kDa and the trimeric form (Fig. 1B). The proportion of the two
forms can be altered by pH and urea. The trimeric form is
favored at low pH, whereas the high molecular weight form is
predominant at neutral pH. Both forms coexist about equally in
1 M urea. In 8 M urea, the ratio of high molecular weight to
trimeric form is about 1:2 for the SIV e-gp41, and only the
trimeric form is present in the case of the HIV e-gp41. Although
the two forms are obviously in equilibrium, kinetic exchange
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Fic. 2. Digestion of the purified high molecular weight form of the ectodomain of SIV gp41 with trypsin and mapping of cleavage
products. Size-exclusion chromatography (A) and SDS-polyacrylamide gel electrophoresis (B) of the purified high molecular weight form before
(solid trace and lane 1) and after (dotted trace and lane 2) digestion with trypsin. C, ribbon diagram of the trimeric SIV gp41 indicating the major

(Arg® |, GIn®*) and minor (Lys®® | Trp®') trypsin cleavage sites (shown in black). The coordinates are taken from Ref. 19 (PDB code 1QCE).

Fic. 3. Electron microscopy of SIV e-gp41. Displayed are CTEM
images of trimeric protein (A) and high molecular weight aggregate (B)
stained with uranyl acetate and unstained with high molecular weight
aggregate used for STEM mass determinations (C), and a high magni-
fication STEM view of the high molecular weight aggregate stained
with vanadate (D). A tobacco mosaic virus particle used as an internal
mass standard is visible in C. Bar, 100 nm in A-C and 25 nm in D. The
arrowheads in D are directed at the finger-like protrusions.

between the two forms is imperceptibly slow. Thus, the purified
soluble high molecular weight form of SIV e-gp41 elutes as only
a single peak on size-exclusion chromatography (Fig. 2A) and is
stable for over a week.

Protease Digestion of the e-gp41 High Molecular Weight Ag-
gregate—The CD spectrum of the high molecular weight form
of SIV e-gp41 (Fig. 1C, inset) is characteristic of a highly helical
structure and is essentially identical to that of the trimeric
form (18). Thus, the tertiary structure remains unchanged
upon formation of the high molecular weight form. To ascertain
the mechanism of aggregation we subjected the purified high
molecular weight form of SIV e-gp41 to trypsin digestion in 0.1
M NaHCOg, pH 8. The elution profiles demonstrate that trypsin
converts the high molecular weight form to the trimeric form

Fic. 4. Model of the e-gp41 aggregate. Trimers of the N- and
C-terminal helices of e-gp41 associate radially via the connecting loops
to form the high molecular weight aggregates. The model emphasizes
the somewhat irregular nature of the association and the presence of
both closed- and open-ended forms.

(Fig. 2A). SDS-polyacrylamide gel electrophoresis shows that
the full-length SIV e-gp41 (Fig. 2B, lane 1) is cleaved to a
distinct smaller molecular weight product (lane 2, band P1I)
and a less distinct product (lane 2, band P2) that migrates just
below the major product. The nearly equal intensity of the
major band (lane 2, band PI) observed upon cleavage relative
to that of the full-length polypeptide (lane 1) suggests that the
two products of cleavage co-migrate in the same position. To
confirm this observation and to map the sites of cleavage, a
sample similar in composition to that in lane 2 of Fig. 2B was
subjected to liquid chromatography-electrospray mass spec-
trometry. Two distinct peaks with m/z 7235 and 7199 indi-
cated one major cleavage site in the polypeptide spanning
residues 1-63 and 64-123. This major cleavage site between
Arg® and GIn®* is located at the tip of the loop that connects
the N- and C-terminal helices of the ectodomain core (Fig. 2C).
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Fic. 5. Immunochemical staining of deep periventricular white mat-
ter using a monoclonal anti-HIV gp41 antibody from (A) an HAD-
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The minor P2 band (m/z 5369) corresponds to a secondary
cleavage site between residues Lys®® and Trp®! of the C-termi-
nal fragment (residues 64—123). This cleavage site is located at
the N-terminal end of the C-terminal helix (Fig. 2C). The sec-
ond product resulting from the minor cleavage was also de-
tected with m/z 1847, corresponding to residues 64—80. These
results suggest that the integrity of the loop that connects the
N- and C-terminal helices of the ectodomain core is essential
for e-gp41 aggregation. The same pattern of digestion was also
observed with the HIV e-gp41 ectodomain as determined by
SDS-polyacrylamide gel electrophoresis (data not shown).

Electron Microscopy of e-gp41 Aggregates—To further char-
acterize the high molecular weight form of the gp41 ectodomain
we carried out both conventional transmission electron micros-
copy (CTEM) and STEM. CTEM of negatively stained, purified
high molecular weight form of gp41 (Fig. 3B) reveals aggre-
gates that are heterogeneous in size and shape, although one
dimension (the diameter in the case of globular particles, the
width in the case of more elongated particles) is usually about
150—200 A. In contrast, trimer preparations (Fig. 34) show
much smaller particles, including rodlets ~30 X 100 A that are
likely to represent side views of individual trimers. To some
extent, the variability in appearance of the aggregates may
represent different viewing angles. A quantitative measure of
their heterogeneity is obtained from dark field STEM of un-
stained, freeze-dried specimens (Fig. 3C) (26, 27). In these
digital micrographs, the number of scattered electrons in each
pixel is directly proportional to the mass thickness. By sum-
ming over all pixels of an aggregate (and subtracting the sub-
strate background), the mass of each aggregate can be deter-
mined, regardless of its orientation (26, 27). These data (Fig.
1C) show a broad distribution of masses ranging from ~300
kDa to >3000 kDa, peaking at ~ 650 kDa, with a mean of 1033
kDa. Because the experimental uncertainty in a single meas-
urement for a particle of this molecular weight range is ex-
pected to be of the order of 2-5% (27), the heterogeneity is
clearly real. It follows that the high molecular weight aggre-
gates contain from ~7 to >70 trimers.

Dark field STEM micrographs of molecules embedded in a
low density negative stain such as vanadate (25) provide a
sensitive method for detecting fine details because maximum
contrast in these images is achieved when the beam is opti-
mally focused. With bright field CTEM, on the other hand,
contrast is augmented by appropriate defocusing but at the
expense of interference effects that may obscure fine details. A
high magnification STEM micrograph of vanadate-stained
gp41 aggregates is shown in Fig. 3D. Their dimensions are
consistent with those in the CTEM (Fig. 3B). In these images,
however, finger-like protrusions are frequently visible, extend-
ing at variable angles at the periphery of these particles (e.g.
Fig. 3D, arrowheads). The width of these fingers is ~35A, the
diameter of a gp41 trimer.

Taken together the biochemical and EM observations imply
that the aggregates consist of variable numbers (typically

diagnosed individual and (B) an HIV-infected patient without histolog-
ical or clinical evidence of HAD. Magnification in A and B is X40 for the
overall figures and X100 for the inset in A. Numerous focal gp41 areas
are observed (purple) in A and are particularly prominent around the
vasculature. No such areas are seen in normal brains or in brains of
HIV-infected individuals without HAD (cf. B). Indeed, the section in B
depicts histologically normal brain parenchyma with no evidence
of immunoperoxidase staining for gp4l. C, electron micrograph at
X21,000 magnification. The brain tissue was incubated with a mouse
monoclonal anti-gp41 antibody and detected with a gold-labeled second-
ary antibody. Areas of gp41 (seen as black dots) are localized in the
extracellular collagen of the tunica adventitia of intraparenchymal
capillaries. Negative controls showed no labeling with gold.
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7-70) of gp41 trimers, associated by means of interactions
among their connecting loops at the interior of the aggregate. A
model for the e-gp41 aggregate is presented in Fig. 4. The
packing arrangement is not very regular, but the trimers are
predominantly oriented with their long axes oriented radially,
a property that explains the finger-like protuberances, as well
as the characteristic dimension of 150-200 A as two molecular
lengths.

Immunohistochemistry of Brain Tissue in HAD—The sever-
ity and degree of dementia in HAD has been correlated to total
gp41 levels in the brain, as determined using protein immuno-
blots (10, 11), and to the extent of gp41 immunostaining in
brain slices (12). HAD, however, is not correlated to the levels
of other HIV viral proteins (10) or to the viral load itself
(28-34). The unique ability of e-gp41 to form stable high mo-
lecular weight aggregates provides an explanation for the lon-
gevity and immunogenicity of gp41 over other HIV proteins. In
addition, extracellular aggregates of e-gp41 would be phagocy-
tosed by brain macrophages and possibly astrocytes and would
have the potential to induce the elaboration of cytokines as has
been documented by several laboratories (35-37).

We therefore propose that the neurotoxicity of gp41 is related
to the biophysical properties of e-gp41, namely its ability to
self-associate into folded, stable, high molecular weight aggre-
gates. The histological appearance of the high molecular weight
form of gp41 would be difficult to observe by standard methods.
For example, Congo Red staining, which stains B8 amyloid,
would not be expected to stain a helical polymer. However,
routine immunohistochemistry can highlight the presence of
gp41 and has the ability to distinguish between membranous
and nonmembranous protein localization. Immunostaining of
brain sections in patients with HAD reveals numerous gp41
positive perivascular macrophages (Fig. 5A), confirming previ-
ous observations (12, 13, 38). In addition, the staining pattern
is strongly suggestive of extracellular gp41 (inset in Fig. 5A). In
contrast no evidence of immunoperoxidase staining for gp41 is
observed in sections of brains from patients without HAD (Fig.
5B). The presence of extracellular gp41 in the brains of HAD
individuals was confirmed by EM combined with histoimmu-
nochemistry using a gold-labeled secondary antibody that
clearly localizes gp41 to sites such as adventitial (perivascular)
collagen (Fig. 5C).

Extracellular gp41 visualized by immunohistochemistry of
HAD brains may represent extracellular viral particles or free
aggregates of gp41. Because the severity and extent of HAD is
correlated with gp41 and not viral load, it is very likely that the
visualized extracellular gp41 represents high molecular weight
aggregates of e-gp41.

DISCUSSION

At present there is no known explanation for gp41 neurotox-
icity that results in HIV-associated neurological damage and
dementia. Our biochemical results clearly demonstrate that
HIV and SIV e-gp41 forms high molecular weight aggregates at
physiological pH. Whereas the core of HIV and SIV e-gp41 is
resistant to proteolysis and denaturation (14, 18), the regions
N- and C-terminal to the ectodomain are sensitive to proteoly-
sis. These observations lead us to speculate that in HIV-in-
fected patients e-gp41 accumulates in the brain as a stable
extracellular aggregate. We therefore propose the following
molecular model for the role of gp41 in neurological damage
and dementia. In the native state, e-gp41 is present on the
exterior of both virus particles and infected cells and is an-
chored to the membrane by its C-terminal transmembrane
region. The action of proteolytic enzymes within the brain could
readily result in the release of e-gp41 into the extracellular
matrix. Because of the biochemical properties of e-gp41, it
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would then form a high molecular weight aggregate at physi-
ological pH, and it is the accumulation of these high molecular
weight aggregates that lead to neurological damage and the
subsequent clinical findings of dementia.

If aggregation of e-gp41 is responsible for HAD, one would
expect to find histologic similarities between cerebral HIV le-
sions and cerebral lesions induced by other protein deposition
disorders. Indeed, a spongiform encephalopathy morphologi-
cally indistinguishable from Creutzfeldt-Jakob disease has
been reported in some cases of HAD (39, 40). The etiology of
Creutzfeldt-Jakob disease is generally considered to arise from
the accumulation of plaques comprising a modified prion pro-
tein, which forms a protein polymer with a high B sheet content
(41). An analogous pathogenesis for HAD, involving high mo-
lecular weight aggregates of e-gp41, can be entertained in light
of the data for gp41 presented above.

Of greater significance is the observation that the patho-
gneumonic lesion in HIV encephalopathy shares pathological,
radiological, and clinical features with Binswanger’s disease.
In both diseases the histologic picture is diffuse demyelination
of the periventricular white matter, ventricular dilation, and
astrocytic gliosis (rarefaction). The computer tomography and
magnetic resonance imaging patterns are nearly identical, ar-
eas of periventicular hypodensity on computer tomography,
which appear as bright areas of increased intensity on T,-
weighted magnetic resonance imaging images (leukoariosis)
(42, 43). Clinically, HAD is diagnosed from the acquisition of
abnormalities in three areas, cognitive abilities, motor func-
tion, and social/emotional behavior (44). Similarly,
Binswanger’s disease is often described as the acute or gradual
onset of deficits in these three areas (45). Another vascular
abnormality with an identical morphology to Binswanger’s dis-
ease has been reported in some cases of Alzheimer’s disease
exhibiting amyloid deposition (46), and a common mechanism
of hypoperfusion of the deep penetrating medullary arteries
from either atherosclerosis in Binswanger’s disease or amyloid
deposition in Alzheimer’s disease has been proposed (42—44).
Such hypoperfusion would be most apparent in the periven-
tricular deep white matter, which has limited collateral perfu-
sion. Hypoperfusion leading to ischemia has been linked to an
increase in nitric-oxide synthase (47), and nitric-oxide syn-
thase-generated NO is thought to be a major mediator of gp41
toxicity (10, 11). It is well established that free radicals gener-
ated from the ischemic processes may combine with NO to form
toxic NO derivatives capable of damaging cells in a variety of
ways (48). Based on the above known mechanisms and histol-
ogy of encephalopathy, periventricular white matter hypoper-
fusion from gp41 deposition in the artery walls is another likely
mechanism for HAD.

A final consideration is that HIV gp41 is currently being
considered as an immunogen either in the form of injected
protein, pox virus-expressing protein, or a DNA vaccine (49,
50). The observation that the gp41 ectodomain accumulates as
a possibly neurotoxic aggregate in the brain suggests that the
use of gp41 as an immunogen should be employed with caution.
It is also possible that a peptide mapping to the loop region
(residues 64—80) may be a useful immunogen for delaying or
preventing the onset of HAD, in a manner analogous to the
attenuation of Alzheimer disease-like pathology in a mouse
model by immunization with amyloid-B peptide (51). Finally,
the retroviridae used in gene therapy require the action of an
envelope protein analogous to gp4l (52). The present study
suggests that the solubility and stability properties of the viral
envelope proteins should be taken into consideration in the
design of retroviral gene therapy.
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